C3H I OTI/2 mouse-embryo fibroblasts were used for transformation experiments to study the effectiveness of various heavy ions with energies up to 20 NeV/u and LE'1~values from 170 to 16.000 keV/~im. The transformation frequency per unit absorbed dose decreased with increasing ionization density; at the highest values of LET we found a decrease even of the transformation efficiency per unit fluence. TJranitnu ions at energies of 5, 9, and 16.3 !,~V/udid not induce any transformation.
INTRODUCTION
Radiation carcinogenesis is seen as the dominant risk of ionizing radiations at low doses. In view of a possible, more general introduction of heavy ion radiotherapy and also in view of any future manned space activities, it is of especial interest to assess the cancer risk due to heavy ion exposure. The lack of epidemiological data and the paucity of relevant aithnai. studies melee it necessary to base risk considerations also on transformation studies in vitro.
The transformation efficiencies of different ionizing radiations have been studied in differant cell systems, i. e. C3H I0T1 /2, Balb/c 5T3 and Syrian hamster embryo cells (S~). Transformation studies with y-and x-rays have been performed by Borek and Hal] . Beyond the direct interest in the transformation effectiveness of different ionizing radiations, it is desirable to obtain information about the mechanisms underlying the transf ornation process(es) induced by ionizing radiation. Therefore, it is important to investigate parameters which may correlate with the transformed phenotype of a cell. The growth behaviour. i. e. plating efficiency, population doubling time, and growth in semi-solid medium, the induction of tumors in athymic nude mice, and the chromosome]. status of Syrian hamster embryo (SI~) cell lines transformed by carbon ions were investigated. In addition, recent results are given on the expression of the H-ras-oncogene in cells transformed after exposure to densely ionizing heavy ions (carbon ions) and in the related tumor-cell lines.
T~HDDOLOGT Cell culture and irradiation procedures
The transformation study was performed with C3H I OTI/2 mouse-embryo fibroblasts developed by Reznikoff et a].. /16/. The cells were maintained in Eagle's basal medium (Gibco) supplemented with 10 per cent heat-inactivated fetal bovine serum (Boehringer)~50uJm1 penicillin, and 50~.zg/mlstreptomycin (BP.L). Cells of passage 12 were cultured in 75cn1 2 flasks (Greiner) and incubated in a humidified gas atmosphere (95 per cent air and 5 per cent C0
2) at 37°C. The plating efficiency of control cultures was between 20 and 30 per cent. Twenty-four hours before irradiation the cells were plated in petri dishes of 3.5cm diameter at a final density (at the time of irradiation) of I 0 4/cm2 in order to achieve exponential growing cell populations during exposure.
Irradiations With different heavy ions were performed at the linear accelerator UNILAC of the Gesellschaft fur Schwerionenforschung (GSI) in Darmstadt. Just before the irradiation the petri dishes were transferred into a medium-filled teflon magazine and were irradiated vertically in an exposure facility with automatic sample changer constructed by the GSI /17/. The heavy ion beams were defocussed and the samples were wobbled to achieve homogenous irrad.iations. An integrated part of the exposure facility is a secondary electron emission chamber that monitors the ion beam current. This monitor was calibrated by comparison with the particle fluance determined from track counts on etched glass or on CR39-samples.
Survival and transformation assay
Lrnnediately after irradiation the cells were trypsinized, and held on ice till plating. If more than about 105 cells were necessary for the transformation and survival assay at a specified dose, two or more dishes were irradiated successively and the samples were pooled. 
Tumorigenicity in athynic nude mice
The transformed cell lines were grown in 7~cm2flasks, trypsinized and resuspended in glucose-containing phoshate buffered saline (10 ( cells per nil). 2icI~6 cells were subcutanously injected into athymic nude BaJ.b/c mice. The animals were weekly controlled for tumor induction. Tumors growing under the skin of mice were isolated from killed~M,n~1 s one week after appearance. The tumors were minced, transferred to petri dishes, fed with medium containing 10 per cent fetal bovine serum, and incubated at 37°C. One day later the remaining fra~ents of the tumor were removed during a medium change. Cells attached to the dishes were grown for a few days and were than frozen in liquid nitrogen, to serve as tumor-cell lines for further experiments.
Growth behaviour assays
Plating efficiency. The plating efficiency of the transformed cell lines was determined by the usual, colony formation assay, as described above for the survival assay.
Population doubling time. The population doubling time was estimated from the exponential part of the growth curves. 5x1 O'~cells of each cell line were plated in 6 cm dishes and every 24 hours one sample was trypsinized and the cell number was counted using a Coulter Counter.
Neoplastic Transformation by Heavy Ions (10)133
Anchorage independent growth. The competence for anchorage independent growth was tested in semi-solid medium. A solution of 1.2 per cent Bactoagar (Difco) end 0.4 per cent Bactopeptone (Difco) mixed with an equal. volume of double-concentrated medium was used as base layer and was pipetted into 6cm petri dishes and cooled at k~C.Between IO~aM 106 cells suspended in normal medium mixed with the double vol~mõf the base-layer solution were plated on the base layer. The cells were incubated for four weeks; after half the incubation time the cells were fed with fresh medium. One day before scoring colonies, I ml of a 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium-chloride solution (1 n /ml, Aldrich Chemie) was added to the cultures according to the procedure of Schaeffer end Friend /18/. The plating efficiency in semi-solid medium was estimated from the number of colonies divided by the number of cells initially plated. The increase of the cross section is less than proportional to LET and, accordingly, the relative biological effectiveness for inactivation decreases with increasing LET of the heavy ions, as shown in figure 1. At about 900 to 1000 keV/pzn the RBE vs. y-rays becomes smaller than unity; it decreases to about 0.1 for uranium ions with LET values in excess of 10,000 keV/pin. 
Determination of chromosome numbers

IC
Tumorigenicity of SHE cells transformed by carbon ions
Syrian hamster embryo cells were exposed to the fluences 5xI o5/cn?, 2xI 0 6/cm2, and 4xI 06/cm2 of 8 MeV/u carbon ions; the resulting absorbed doses were 0.14. 0.56, and 1.12 Gy. At each dose we succeeded to isolate two independent trensfoimad cell lines. After injection of 3 c,d) .
The tumor-cell line T2800 obtained from A4OII-I cells showed a similar distribution as the Ak0II-I cells themselves (see figure 3a and figure ka) ; there was merely a slight shift towaris the median of 1+0 chromosomes as the transformed cell line AL4OIII_I. The soft agar subelones of T2800 had a somewhat broader distribution, but the median remained at 40 to 41 chromosomes and there was only a sonal3. fraction of uneuploid cells with numbers in excess of 60 chromosomes.
It t~ppearsfrom these data that transformed cells and the resultant tumor cells need not be highly uneuploid, i. e. chromosome numbers higher than 50. On the contrary, it appears that the diploid or near diploid cells are most competent to grow in semi-solid medium. One of the main feature of transformed cells is, thus, more clearly expressed in nearly euploid then in highly uneuploid cells. In addition, the expression of other oncogenes has to be investigated.
